The aim is to develop an uninterrupted processing route to manufacture metal coils, so that the efficiency of production, as well as the quality of the product and the cost-efficiency can be improved. The traditional method of joining two metal sheets is by welding; however the welding process itself can easily introduce additional processing steps and pile up the cost of production. In the past, joining two metal sheets with identical composition by the rolling process has not been easy. The present study induces dissimilarity between two sheets, i.e. pre-heat treatment for one plate to result grain growth. Experimental results indicate that such introduction of dissimilarity between two metal parts can significantly improve the roll bonding process, not only making the joint much stronger than the traditional welding technique, this newly developed method can enhance the efficiency of the production of metal coils in industries.
Introduction
There has been a continuous strive for engineers to develop production routes to manufacture successive joints between metal plates uninterruptedly. The cons of not being able to do so are clear, for example, welding technique is generally applied nowadays for this type of manufacturing, however, the process itself can result misalignment between the two plates, hence additional metal parts will need to be cut off, mounting rise in waste and cost. On the other hand, if one can make successive joints during the process, not only can the problem of interruption and misalignment be solved, the yield of making satisfactory product will raise as well as the quality of the product will be improved. To further clarify the limitation of current techniques being applied: the welds need to be machined and the process itself can last 60-120 s, so the production line needs to accommodate metal sheets in waiting, hence the waste in time, cost of machining and space can be high. Another method, which has also been applied in production, i.e. deep pressing technique, however, this technique would render the thickness of the joint to be almost twice that of the original sheet, causing interruptions during the manufacturing and waste in time, additional cost of processing.
The present investigation focuses on roll bonding technique to join two sheets of the same metal. Three processing steps can be involved within this processing route, i.e. (1) pre-processing of the metal sheet, (2) roll bonding, (3) postprocessing of the clad metal.
1) The pre-processing is surface treatment of sheet metal by chemical or mechanical grinding methods depending on the nature of the metal. [2] [3] [4] Roll bonding focuses energy between two rollers onto the point of contact between two metal sheets; the applied force, rolling temperature and rolling speed are three important parameters for roll bonding, because they can determine the pressure, time and temperature on the point of joining. [5] [6] [7] Roll bonding can firstly promote mechanical type of interconnection by forcing softer metal to deform then flow into the cavity gap of the harder metal, subsequently, the mounting pressure and heat generated by friction and deformation can promote forming of metallic bond between the two metals. Finally, the post-processing involves heat treating the clad metal to promote inter-diffusion between the two metal sheets to reduce defect and improved bonding strength. 8) In this paper, the benefit of roll bonding over the traditional welding are studied as well as how to further improve the adhesion between two sheets metal by the process of roll bonding. The aim is to develop an uninterrupted processing route to manufacture joints between metal sheets, so that the production efficiency, as well as the quality of the product and the cost-efficiency of the production can be improved. C, hot roll at 600 C, and : 20 C, back material: 600 C. Rolling reduction ratio control: 60%/ 50%/45%/40%. (1-3) Post-treatment: heat-treating the clad part with room temperature, 600 C/30 s, 600 C/60 s, 600 C/90 s. Finish rolling thickness is controlled to be the original À0:05 mm. Machining is performed on the edge of the joint to remove residual stresses. The whole roll bonding process is illustrated in Fig. 1 .
Experimental Procedure
(2) Performing various mechanical tests on joints formed by roll bonding to simulate stress state of the joints in the actual metal coil in production, and comparing with that of welding method. Include tensile test, peeler test, and bending test.
Results and Discussion
The pre-treatment on the C1100 plate surfaces has great influence on the yield of successful roll bonding. By using the SURFTEST roughness tester, as-rolled plate has a surface roughness of Ra ¼ 0:4 mm, grinding with #400grade resulted a Ra value of 0.29 mm, pickling gave a Ra value of 0.64 mm, etching and brushing provided Ra ¼ 2:05 mm and Ra ¼ 2:49 mm, respectively. Among all samples tested, only those treated with etching and brushing were able to be roll bonded successfully. This can be deduced by the surface roughness provided preferential points for interlocking during rolling, so that mechanical boning and be formed easier with higher Ra values.
Experimental results also indicate that higher reduction ratio for rolling can yield a greater chance of bonding, as 50% reduction at RT was sufficient for a successful roll bonding, however, the reduction ratio can be reduced for successful roll bonding if the temperature is increased. As experimental result indicated that once the rolling temperature is increased to 600 C, only a 45% reduction ratio is required. The effect of temperature on the yield of successful roll bonding can be associated with the softening of the material, because it can render the formation mechanical bonding easier as well as metallic bonding. Figure 2 summarized the peeler test results for four different pre-treatment conditions for roll bonding, sample surfaces were treated by brushing and reduction ratio was set at 50%. These include joints made from two identical C1100 metal plates with pre-heattreatment from RT to 700 C (designated as Cux/Cux)/ additional post heat-treatment at 600 C (designated as Cux/ Cux-HT), and two C1100 plates with dissimilar pre rolling microstructures, i.e. only the top plate was pre-treated with given temperature in Fig. 2 (designated as Cux/Cuy), then subjected to roll bonding with and without post heattreatment at 600 C (designated as Cux/Cuy-HT). Results in Fig. 2 demonstrate the benefit of roll bonding dissimilar metal plates together plus addition heat-treatment to promote inter-diffusion (Cux/Cuy-HT), as the magnitude of its peeler strengths are higher than the others. These experimental results clearly show the means to further improve the strength of the joint made by roll bonding, i.e. this includes pre-treating metal surfaces with sufficient roughness by brushing, apply pre-heat-treatment to cause dissimilarity between two plates, then apply roll bonding with sufficient reduction ratio, followed by post-heat treatment. It is very interesting to notice that results of Cux/Cuy peaks at 400 C, this can be explained by the sum of forces between softening of the materials and the metallic bonding once the temperature increases above 400 C. The underlying mechanism can be deduced as following: the dissimilarity in grain structures between two plates of C1100 yielded two materials with different hardness, although their compositions were identical, and this caused a tendency for mechanical type of bonding to form first, i.e. interlocking between softer metal and the harder cavity, followed by metallic bonding. Such severe deformation would have caused dislocation density to rise at the interfaces, so the post-heat treatment would help to relieve some of these stress concentrations by promoting inter-diffusion. However, as the results also have showed, a drop in peeler stress after higher pre heat-treating temperature can be resulted due to a drop in strength associated with over-heating for Cux/Cuy samples. Figure 3 illustrates the inner surface texture of the peeler tested samples, interestingly surfaces of two plates exhibit different morphologies and colors. On the side of the harder plate, surface consists of two different colors and the surface of softer plate has only one color. Changes of surface color occurred for C1100 can be associated with oxidation, and the difference between two plates is a result of different rate of oxidation due to dissimilarity in grain size. So, it can be deduced from Fig. 3 that softer part of metal has been ripped away from its parent plate by the harder plates; proving the benefit of having a designed pre-treatment, suitable roll bonding parameters, then sufficient post-treatment to result the optimal peeler strength. In addition, tensile and bending tests have been conducted for welded C1100 plates and results have been compared with that of joints made by roll bonding method. Not only the joint made by roll bonding performed better than the welded ones by a factor of 2, but also the joints made by roll bonding can be heat-treated differently during the production to allow the engineer to tailor desirable peeler, tensile and bending properties as Fig. 2 has indicated for the peeler strength.
Conclusions
The present study has successfully demonstrated a promising method to uninterruptedly process metal coils. The key is to have dissimilarity between two sheets to be joint, i.e. made by pre-heat treatment for one plate to result grain growth. Experimental results indicate such measure can significantly improve the roll bonding process, not only making the joint much stronger and more flexible than the traditional welding technique, but also this newly developed method can enhance the efficiency of the actual production of metal coils. 
